A variety of Ca 2ϩ binding proteins are known to play an integral role in catecholamine release from synapses as well as secretory cells, such as chromaffin cells. The Drosophila protein frequenin and its mammalian homolog neuronal Ca 2ϩ sensor-1 (NCS-1) belong to a family of Ca 2ϩ sensors with EF hands that bind Ca 2ϩ and then interact with other proteins. Frequenin/ NCS-1 has been shown to enhance exocytotic activity in addition to altering Ca 2ϩ channel regulation. To better understand how NCS-1 regulates stimulus-secretion coupling, bovine chromaffin cells were infected with Semliki Forest virus (SFV) vectors containing the rat NCS-1 gene. Cells were studied in the perforated whole-cell patch-clamp configuration. Membrane capacitance was monitored as an indicator of exocytosis-endocytosis. Exocytosis elicited by membrane depolarization was not significantly different between cells infected with SFV expressing green fluorescent protein (GFP) or GFP plus NCS-1, except that the overexpression of NCS-1 resulted in a faster rundown in exocytosis. When cells were stimulated with histamine, NCS-1 overexpression led to higher exocytosis, as well as [Ca 2ϩ ] i elevation. Immunocytochemistry showed a similar distribution of NCS-1 and phosphatidylinositol 4-kinase ␤ (PI4K␤). NCS-1 and PI4K␤ coimmunoprecipitate, opening up the possibility that the two proteins directly interact. These results suggest that NCS-1 may regulate cellular activity through the modulation of the phosphatidylinositol signaling pathway.
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Key words: neuronal calcium sensor; chromaffin; exocytosis; calcium; histamine; phosphatidylinositol; IP 3 ; Semliki Forest virus vector Ca 2ϩ ions regulate a variety of physiological processes, including muscle contraction, neurotransmitter release, and gene expression. These processes are regulated by proteins, which bind calcium and sense elevations in [Ca 2ϩ ] i . Many Ca 2ϩ -binding molecules have been identified, reflecting the importance of [Ca 2ϩ ] i and its regulatory function within the cell (Burgoyne and Morgan, 1995; Benfenati et al., 1999; Brunger, 2000) . So far, Ͼ250 proteins with the EF hand, a helix-loop-helix Ca 2ϩ -binding motif, have been identified. They fall into two distinct families that can be categorized on either their Ca 2ϩ -buffering or Ca 2ϩ -sensing properties (Braunewell and Gundelfinger, 1999 ). In contrast to Ca 2ϩ buffers, Ca 2ϩ sensors, such as calmodulin, change their conformation during binding Ca 2ϩ , thereby enabling their interaction with intracellular targets.
The neuronal calcium sensor (NCS) protein family includes a variety of intracellular Ca 2ϩ -binding proteins expressed primarily in neurons. These proteins are 185-205 amino acid residues long, contain four potential EF hand Ca 2ϩ -binding motifs, and share a consensus motif for N-terminal myristoylation. NCS family members are highly conserved in different species.
Frequenin, which was first cloned from Drosophila, has been shown to be able to enhance neuromuscular junction activity (Pongs et al., 1993) . Recently, McFerran et al. (1998) using PCR methodology confirmed the presence of NCS-1, the mammalian homolog of frequenin, in bovine chromaffin cells; they also showed that overexpression of NCS-1 in chromaffin or pheochromocytoma (PC12) cells enhanced Ca 2ϩ -dependent exocytosis from large dense-core vesicles (LDCV). Overexpression of NCS-1 in NG108 -15 cells resulted in enhanced synapse formation and neurotransmission (Chen et al., 2001) . When a dominant negative mutant of NCS-1 (E120Q) was overexpressed in chromaffin cells, Ca 2ϩ current was increased, suggesting that NCS-1 may be involved in Ca 2ϩ channel modulation (Weiss et al., 2000) . To identify possible physiological functions, NCS-1 was overexpressed in bovine chromaffin cells using Semliki Forest virus (SFV) vectors, shown previously to efficiently infect these cells (Ashery et al., 1999; Duncan et al., 1999; Knight, 1999) . To identify SFV-infected cells, the SFV vector contained the green fluorescent protein (GFP) gene behind an internal ribosomal entry site (IRES). When compared with uninfected cells, both the Ca 2ϩ current and exocytosis were smaller in SFV-mediated expression of either GFP alone or NCS-1-IRES-GFP based on membrane depolarization-elicited secretion. During the first train of depolarizations, there was no difference in peak exocytosis observed in the SFV-mediated expression of either GFP alone or NCS-1-IRES-GFP cells. Interestingly, the NCS-1 overexpressed cells showed a faster rundown in subsequent secretory responses compared with GFP-infected cells, although the Ca 2ϩ influxes were similar throughout the experiment. In contrast, when histamine was used to stimulate cells, NCS-1 overexpressed cells exhibited a significant higher [Ca 2ϩ ] i elevation and exocytotic response than did GFP cells. These responses were mediated by Ca 2ϩ released from intracellular Ca 2ϩ stores because pretreatment with thapsigargin (TG) blocked the exocytosis elicited by histamine. Immunostaining revealed that the distribution of NCS-1 and phosphatidylinositol-4-kinase ␤ (PI4K␤) were similar. In addition, NCS-1 and PI4K␤ coimmunoprecipitate with each other. These results suggest that NCS-1 may interact with the phosphatidylinositol (PtdIns) pathway, thereby regulating stimulus-secretion coupling.
MATERIALS AND METHODS
Cell culture. Bovine adrenal chromaffin cells were prepared from animals ϳ18 weeks old. Adrenal glands, obtained from a local abattoir, were digested with collagenase and purified by density gradient centrif ugation as described previously (Artalejo et al., 1992) . Baby hamster kidney (BHK-21) cells, used for generation of recombinant SFV particles, were cultured in a 1:1 mixture of Dulbecco's modified F-12 medium (Invitrogen, San Diego, CA) and Iscove's modified DM EM (Invitrogen) supplemented with 4 mM glutamine and 10% fetal calf serum.
Solutions. The bath solution used for recordings contained (in mM): 130 NaC l, 20 glucose, 10 Na-H EPES, 1 MgC l 2 , 2 KCl, and 5 CaCl 2 , pH 7.3 with NaOH. The perforated patch pipette solution contained (in mM): 135 C s-glutamate, 10 Na-H EPES, 9.5 NaC l, 0.5 TEAC l, and 0.5 CaCl 2 , pH7.3 with C sOH; 0.5% amphotericin B (C albiochem, La Jolla, CA) was added into the internal solution before the start of the experiment. The preparation of amphotericin B was done as reported previously (Pan and Fox, 2000) . The initial pipette resistance was 1.5-2.5 M⍀. After perforation, the access resistance was 8 -20 M⍀. T ypically, ϳ60% of the access resistance was compensated by the compensation circuitry of the patch clamp.
Histamine (10 M) in bath solution was applied onto the cell with a fast perf usion system (DAD-12 Superf usion System; AL A Scientific Instruments, Westbury, N Y). C ells were first perf used with a control solution containing no histamine and then rapidly switched to a solution with 10 M histamine for 1.5 min. In TG treatment experiments, cells were incubated for Ͼ30 min in 2 M TG before initiating whole-cell conditions. For [C a 2ϩ ] i measurements, an HBSS (Invitrogen) was used as the extracellular solution. For these experiments, f ura-2 AM (Molecular Probes, Eugene, OR) was the intracellular indicator as described previously (Harkins et al., 2000) . Ratios were converted to free [C a 2ϩ ] i by comparing ratiometric data from cells with in vitro f ura-2 calibration curves made by adding f ura-2 (50 M free acid) to solutions containing known concentrations of C a 2ϩ (0 nM to 2000 nM). V irus preparation and infection. Recombinant SFV particles were generated as described previously (L undstrom et al., 1994) . Briefly, in vitro transcribed RNA from pSFV-GFP or pSFV-NC S-1-IRES-GFP were coelectroporated into BHK-21 cells with pSFV-Helper2 RNA. Virus stocks were harvested 24 hr later and activated with ␣-chymotrypsin before infection studies. Approximate titers were estimated by infection of known numbers of BHK-21 cells with serial dilutions of SFV stocks, and the GFP-positive cells were counted. Generally, titers in the range of 5 ϫ 10 8 infectious particles/ml were obtained. SFV particles (30 l /dish) were added to 35 mm Petri dishes containing freshly prepared chromaffin cells (2 ϫ 10 5 per dish) and incubated overnight. The infected cells were recorded in 48 hr after removal of virus by caref ul repeated washes. Infected cells were identified by their GFP fluorescence.
Capacitance recordings. C apacitance measurements were performed using an Axopatch-1C patch-clamp amplifier (Axon Instruments, Foster C ity, CA) and a computer-based phase tracking algorithm as described previously (Pan and Fox, 2000) . Data acquisition was initiated when the uncompensated series resistance was Ͻ20 M⍀ and stable. Unbalancing the slow capacitance compensation by 100 fF provided the calibration signal for capacitance trace.
Stimulation protocols. To elicit exocytosis, cells were stimulated with trains of 10 depolarizations to ϩ20 mV from a holding potential of Ϫ80 mV. Each depolarization was 150 msec in duration, with an interpulse interval of 400 msec. There was a 5 min interval between each train of stimuli. In experiments that used small depolarizations, cells were depolarized 100 times to Ϫ10 mV from Ϫ80 mV; each depolarization was 150 msec in duration, with an interpulse interval of 1 sec.
Immunoc ytochemistr y. Chromaffin cells were fixed with 3.7% formaldehyde in PBS buffer for 2 hr and permeabilized by incubation in PBT solution (0.5% BSA and 0.1% Triton X-100 in PBS buffer) for 30 min. After washing out the PBT solution with PBS buffer three times, cells were incubated with the PBS-diluted primary antibody (chicken anti-NC S-1 at 1:100 dilution) (Weisz et al., 2000) , or rabbit anti-PI4K␤ (Upstate Biotechnology, Lake Placid, N Y) or rabbit anti-secretogranin II (SgII) (Biogenesis, Poole, UK) for 1 hr. The primary antibody was washed out by three successive washes in PBT solution for 5 min each time. The cells were then incubated in PBS-diluted secondary antibody [rhodamine-conjugated donkey anti-chicken (Jackson ImmunoResearch, West Grove, PA) or FI TC -conjugated goat anti-rabbit (Santa Cruz Biotechnology, Santa Cruz, CA)] for 1 hr. The secondary antibody was washed out by three successive washes in PBT solution for 5 min each time and then incubated in PBS buffer overnight before mounting onto glass. The staining was examined with an Olympus Optical (Tokyo, Japan) Scanning Laser Confocal Microscope.
Immunoprecipitation. To obtain protein extracts from bovine chromaffin cells, the adrenal medullary chromaffin cells were lysed with a lysis buffer [20 mM H EPES, pH 7.5, 0.1 M NaC l, 2.5 mM MgC l 2 , 2 mM EDTA, 40 mM ␤-glycerophosphate, 1% Nonidet P-40, 0.5 mM Na 3 VO 4 , 1 mM dithiothreitol, 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 20 g /ml aprotinin, and 20 g /ml leupeptin]. After a brief sonication, the samples were centrif uged at 19,300 ϫ g for 20 min, and the chromaffin cell protein extracts were collected in the supernatant. For immunoprecipitation experiments, 2 g of NC S-1 antibody or 4 g of PI4K␤ antibody was added to 200 g of protein extracts and incubated overnight at 4°C. The immunoprecipitated proteins were then collected by protein G-Sepharose for 1 hr and washed six times with 1 ml of lysis buffer each. The immunoprecipitated proteins were then separated on 12% SDSpolyacrylamide gels and examined for the presence of NC S-1 and PI4K␤ by immunoblot analysis.
Data anal ysis. For each stimulation, C a 2ϩ entry was determined by integrating the C a 2ϩ currents using limits that excluded the early influx attributable to Na ϩ current. Before integration, currents were leak and capacitance subtracted. To determine the capacitance change, the difference before and after each stimulation was calculated using the 100 fF calibration signal. Single comparisons were made using Student's t test.
RESULTS

NCS-1-expressing cells showed faster rundown of exocytosis
Infected chromaffin cells were identified by GFP fluorescence. Typically, ϳ80% of cells showed GFP fluorescence. For SFV-NCS-1-IRES-GFP-infected cells, the overexpression of NCS-1 was confirmed by immunostaining and then comparing these results with cells showing no GFP fluorescence (data not shown). Figure 1 , A and B, plots membrane capacitance elicited by three consecutive trains of depolarizations from two representative cells infected with either SFV-GFP alone or SFV-NCS-1-IRES-GFP. The currents recorded during the first depolarization of each train are plotted immediately below. Please note that the current traces include an early peak attributable to Na ϩ -influx, followed by a slow maintained Ca 2ϩ current. Whereas the GFPexpressing cells showed significant rundown by the third train of depolarizations, the rundown for the NCS-1-expressing cells was faster and more dramatic. Figure 1C , a plot of averaged capacitance data, makes the point that the rundown observed in NCS-1-infected cells was more rapid. Please note that the Ca 2ϩ influx was not significantly different in both groups of cells (Fig. 1C) . We showed previously that three successive trains of stimulations in non-infected cells did not cause any significant rundown in secretion with identical stimulation conditions (Pan and Fox, 2000) . The results shown in Figure 1 suggest that viral infection alone can alter stimulus-secretion coupling in chromaffin cells. The more rapid rundown observed in NCS-1-expressing cells suggests that NCS-1 may play a role in the modulation of secretion.
The rundown in exocytosis was not attributable to alterations in the release machinery
It is possible that the rundown in exocytosis observed was attributable to an impairment of the secretory machinery. To test this possibility, a series of 100 depolarizations to Ϫ10 mV from a holding potential of Ϫ80 mV was applied between the first and the second stimulation trains. These depolarizations were large enough to allow some Ca 2ϩ influx, but they were not sufficient to trigger exocytosis. This strategy elevates [Ca 2ϩ ] i and helps mobilize vesicles to the release sites (Pan and Fox, 2000) . In Figure  2 A, averaged results are plotted from cells stimulated with trains of 100 small depolarizations between the first and the second stimulation trains. Control cells exhibited a larger Ca 2ϩ influx and larger exocytosis than SFV-infected cells. This suggests that viral infection by itself decreased both Ca 2ϩ current and exocytosis. Application of the small depolarizations transiently enhanced exocytosis in all three groups. These results suggest that the secretory apparatus was relatively unchanged in the infected cells. However, in these experiments, we observed a significant rundown in Ca 2ϩ influx in the NCS-1-expressing cells. Because uninfected cells have a larger Ca 2ϩ influx than SFVinfected cells, it is possible that the rundown in exocytosis is attributable to an inability to support vesicle mobilization, which is required to maintain exocytosis. To test this possibility, the extracellular Ca 2ϩ concentration in uninfected cells was lowered to 2 mM to generate similar levels of Ca 2ϩ influx in both infected and uninfected cells. In these experiments, three trains of stimulations were applied as before. Averaged results are plotted in Figure 2 B. Although Ca 2ϩ influx was similar in all three groups of cells during these three trains, control cells were able to maintain the same level of secretion with no significant rundown, whereas the NCS-1-expressing cells showed a significant rundown. These results suggest that the rundown in exocytosis after NCS-1 expression is not simply attributable to decreased Ca 2ϩ influx.
Histamine elicited more exocytosis in NCS-1 overexpressed cells
A previous study reported that NCS-1 upregulates PI4K (Hendricks et al., 1999), which produces an increase in the concentration of PtdIns 4,5-bisphosphate (PIP 2 ). In bovine chromaffin cells, histamine activates phospholipase C, which catalyzes the production of IP 3 from PIP 2 . Elevation of IP 3 levels results in the release of Ca 2ϩ from intracellular stores (Brini and Carafoli, 2000) . It is well documented that histamine elevates [Ca 2ϩ ] i and induces exocytosis in bovine chromaffin cell (Finnegan et al., 1996) . To determine whether NCS-1 plays a role in the IP 3 pathway, histamine (10 M) was perfused onto chromaffin cells to elicit exocytosis. Figure 3A shows a representative capacitance trace from a control cell. Histamine was perfused onto the cells as indicated. Before switching to the histamine-containing solution, the membrane capacitance trace was stable; after histamine was perfused into the bath, membrane capacitance increased gradually. Figure 3B is the averaged capacitance increase observed 1.5 min after histamine application. Although histamine elicited significantly more exocytosis from NCS-1-expressing cells than from GFP-expressing cells, the overall levels were quite similar to those observed for control cells.
To verify the role of the intracellular Ca 2ϩ store in the histamine response, TG was used to deplete the store (Pan and Fox, 2000) . Figure 3B shows that, after TG treatment, histamine no longer elicited any capacitance change. These results suggest that histamine elicits more exocytosis from NCS-1-expressing cells than from GFP-expressing cells and that Ca 2ϩ release from the intracellular Ca 2ϩ stores plays an important role in this response. Figure 4 B, which shows that NCS-1-expressing and control cells have similar peak values (571.1 Ϯ 39.4 and 550.8 Ϯ 29.4 nM, respectively), and both are significantly higher than that of GFP-expressing cells (485.9 Ϯ 22.8 nM). In the plateau phase, [Ca 2ϩ ] i in control cells is higher than that of SFV-infected cells. These results suggest that cells expressing NCS-1 reach higher Figure 3 . NCS-1 enhances histamine-evoked exocytosis. For these experiments, cells were was perfused with a solution without histamine and then switched to a solution containing histamine (10 M) for 1.5 min. A, Plotted is a representative capacitance recording from a control cell that was not infected with SFV. Histamine application is indicated. B shows the averaged capacitance change 1.5 min after histamine was applied. *p Ͻ 0.05 when compared with the GFP cells with independent Student's t test. [Ca 2ϩ ] i than cells expressing GFP do when stimulated with histamine.
Histamine produces a larger elevation of [Ca 2؉ ] i peak in NCS-1-expressing cells
NCS-1 localization and interaction
To identify the subcellular localization of NCS-1 in chromaffin cell, antibodies against NCS-1, PI4K␤, and SgII were used to stain uninfected bovine chromaffin cells. As shown in Figure 5 , A and D, antibodies against NCS-1 stains the plasma membrane and the cytosol. SgII has been used as a marker for LDCV. As shown in Figure 5B , the staining is mainly cytosolic, producing some large spots. PI4K␤ has been shown to be associated with synapticlike microvesicles; its staining pattern as shown in Figure 5E is on the plasma membrane, in the cytosol, and in the nucleus. Superimposing the results showed that NCS-1 has a similar distribution to that of PI4K␤, with the exception of nuclear localization (Fig.  5F ). In contrast, the NCS-1 immunofluorescence appears to overlap poorly with SgII (Fig. 5C ).
In agreement with the colocalization data, Figure 6 demonstrates a direct interaction between NCS-1 and PI4K␤. For this experiment, protein extracts from chromaffin cells were first immunoprecipitated with anti-NCS-1 antibody, separated on a 12% SDS gel, and then were immunoblotted with anti-NCS-1 antibody (Fig. 6 B, top, NCS-1) and PI4K␤ antibody (Fig. 6 B,  bottom, PI4K␤ ). Similar results were obtained when these extracts were first immunoprecipitated with anti-PI4K␤ antibody and immunoblotted with anti-PI4K␤ antibody (top) and NCS-1 antibody (bottom). Preimmune IgG was used as control antibody (lane 1). Additional evidence for interaction between NCS-1 and PI4K␤ can be found elsewhere (Zhao et al., 2001) .
DISCUSSION
We examined the function of NCS-1, a neuronal Ca 2ϩ sensor protein, in stimulus-secretion coupling in bovine chromaffin cells. Secretion was elicited by the direct activation of voltagedependent Ca 2ϩ channels or alternatively by activation of the PI pathway. Our data suggest that NCS-1 may be involved in PtdInsrelated exocytosis. Depolarization-evoked exocytosis does not show much difference in GFP and NCS-1 cells at the beginning, but an accelerated rundown was observed in NCS-1 cells during each experiment. This rundown in exocytosis was not attributable to decreased Ca 2ϩ influx because comparable Ca 2ϩ influx levels in control cells showed no rundown, nor is the difference between SFV-infected cells and control cells likely to be attributable to alterations in vesicle replenishment because small depolarizations that elevate [Ca 2ϩ ] i without triggering exocytosis can transiently augment exocytosis observed during a subsequent stimulation. These results are in agreement with those reported by Ashery et al. (1999) , which showed that the size of the readily releasable pool of vesicles and refilling kinetics were not significantly altered in SFV-infected cells. When histamine was used to elicit exocytosis, NCS-1 cells exhibited increased levels of exocytosis compared with GFP cells. [Ca 2ϩ ] i measurement also showed higher peak values in NCS-1 cells. Immunocytochemical staining suggested that NCS-1 colocalized with PI4K␤. Finally, NCS-1 and PI4K␤ coimmunoprecipitate with each other.
Virus infection
SFV is a positive stranded RNA virus and has been modified as a carrier to express recombinant proteins in mammalian cells (Liljestrom and Garoff, 1991) . It has been reported that SFV can infect bovine chromaffin cells with a high efficiency and can be accessed a few hours after infection (Knight, 1999) . Although it has been reported that this infection at an early stage does not significantly alter the physiological condition of the cell, this was not true in our studies. Chromaffin cells infected with SFV always exhibited a diminished Ca 2ϩ influx and reduced exocytosis when compared with uninfected cells under the same conditions. In experiments that measured intracellular Ca 2ϩ , application of histamine induced [Ca 2ϩ ] i peak and plateau phases that were lower than those observed in infected cells. Although it is not clear how viral infection changes cellular properties, basic behaviors, such as vesicle replenishment mechanisms, histamineinduced [Ca 2ϩ ] i oscillation and exocytosis were similar in infected and control cells. These suggest that the infection may subtly alter cellular responses but that basic physiological mechanisms still remain intact. We believe our study sounds an important cautionary note for the continued use of SFV, including the second generation of SFV vectors (Lundstrom et al., 2001 ).
Depolarization-evoked exocytosis
Our previous data showed that there was no rundown in exocytosis during multiple stimulations in uninfected cells (Pan and Fox, 2000) , results that were confirmed in the current study. In contrast, infected cells showed significant rundown of exocytosis, which was even more dramatic in SFV-NCS-1-IRES-GFP cells. Because Ca 2ϩ influx remained unchanged during the course of each experiment and it was similar between SFV-GFP and SFV-NCS-1-IRES-GFP cells, one possible explanation for the observed rundown may come from the availability of release-ready vesicles. Compromises in this system would result in decreased secretion with time. As shown in Figure 2 , the replenishment mechanism is still functional because the rundown was rescued by multiple small depolarizations. Another possible explanation for the rundown of secretion is that the diminished Ca 2ϩ influx observed in SFV-infected cells was insufficient for vesicle replenishment. Control cells in which Ca 2ϩ influx was reduced to comparable levels showed no such rundown, suggesting that a diminished Ca 2ϩ influx did not account for the rundown in secretion observed. Another possible explanation is that overexpressed NCS-1 may function as a Ca 2ϩ buffer to limit the elevation in [Ca 2ϩ ] i , which may inhibit vesicle movement to the release-ready pool. If so, we would expect a reduced [Ca 2ϩ ] i elevation in SFV-NCS-1-IRES-GFP cells when compared with SFV-GFP cells. Contrary to expectations, SFV-NCS-1-IRES-GFP showed higher [Ca 2ϩ ] i peak elevation and a similar plateau level when compared with SFV-GFP cells after stimulation with histamine. Yet another possibility, which we have not yet addressed, is that NCS-1 alters the Ca 2ϩ dependence of vesicle mobilization.
It has been suggested that an elevated PIP 2 concentration can increase the adhesion energy between plasma membrane and cytoskeleton, which may control the cell shape (Raucher et al., 2000) . SFV-NCS-1-IRES-GFP cells may have an elevated plasma membrane PIP 2 concentration, which would increase the interaction between plasma membrane and cytoskeleton, thereby limiting the fusion of vesicles with the membrane. This hypothesis might explain the faster rundown of exocytosis. On the other hand, when cells were stimulated with histamine, more IP 3 and DAG should have been released, and the subsequent elevation in [Ca 2ϩ ] i should work together with PKC, activated by DAG, to induce more exocytosis.
Histamine-evoked exocytosis
It has been reported that the NCS-1 homolog in Saccharomyces cerevisiae can bind PI4K and stimulates its activity in vitro (Hendricks et al., 1999) . PI4K phosphorylates PtdIns to produce PtdIns 4-P, which then serves as a substrate for PI5K, resulting in the production of PIP 2 . In cells, activation of phospholipase C results in the generation of two second messengers, diacylglycerol and IP 3 (Zhang and Majerus, 1998; Toker, 1998) . It has been shown that a granule-associated PI4K activity is required for the priming of secretory vesicles in bovine chromaffin cells (Wiedemann et al., 1996) . In chromaffin cells, histamine treatment can activate PLC and release DAG and IP 3 . The generation of IP 3 results in the elevation of [Ca 2ϩ ] i , which augments exocytosis (Finnegan et al., 1996; Zerbes et al., 1998) . DAG activates protein kinase C, which increases secretion in chromaffin cells by increasing the size of the release-ready vesicle pool (Vitale et al., 1995; Warashina, 1997 (Cheek et al., 1993) . Our results show that histamine-evoked exocytosis from SFV-NCS-1-IRES-GFP cells is approximately the same as that from uninfected cells and significantly higher than that from SFV-GFP cells. [Ca 2ϩ ] i measurement shows that NCS-1 overexpressed cells have higher averaged peak than SFV-GFP cells, which may explain why exocytosis is higher than SFV-GFP cells. Histamineinduced exocytosis requires release from an intracellular Ca 2ϩ store because TG-pretreated cells showed no exocytosis when stimulated with histamine.
Localization of NCS-1
NCS-1 has been shown to be colocalized with adaptin, which is localized in the trans-Golgi network and the late endosomes and with PI4K␤ in COS cells (Bourne et al., 2001) . In PC12 cells, NCS-1 staining overlapped with the synaptic-like microvesicle marker synaptophysin but not with LDCV marker SgII (McFerran et al., 1998) . SgII is one of the chromagranins stored mainly in LDCV in chromaffin cells (Winkler, 1993) . As shown in Figure  5B , NCS-1 localization is primarily cytosolic, with some spots showing elevated levels. PI4K activity has been shown to be present on chromaffin granule (Wiedemann et al., 1996) , in neurons, and in small synaptic vesicles (Wiedemann et al., 1998) . The staining pattern of PI4K␤ in chromaffin cell shows that it appears in the plasma membrane, cytosol, and nucleus. PI4K␤ appears to be concentrated near the nucleus, and, unlike SgII, there are no large spots. Although it has been suggested that NCS-1 can bind to PI4K␤ to regulate its activity, colocalization has not yet been well documented. The colocalization results suggest that NCS-1 has the same distribution as PI4K␤ but does not appear in the nucleus. Overexpression of NCS-1 produced a similar staining pattern (everywhere but the nucleus; data not shown). Coimmunoprecipitation of NCS-1 and PI4K␤ from chromaffin cell extracts suggests direct interactions between the two proteins. A recent study by Zhao et al. (2001) reported that NCS-1 was able to interact with PI4K␤. These results reinforce the suggestion that PI4K␤ may be one of the targets of NCS-1.
It has been reported that overexpression of frequenin homolog enhances synaptic efficacy in Drosophila motor neuron (Pongs et al., 1993; Rivosecchi et al., 1994) , Xenopus embryonic spinal neuron (Olafsson et al., 1995) , and ATP-induced LDCV exocytosis from PC12 cells (McFerran et al., 1998) . Our results show that exocytosis was not enhanced in SFV-NCS-1-IRES-GFP cells when Ca 2ϩ channel activation was used to elicit secretion. Activation of histamine receptors, in contrast, which results in alterations of PtdIns metabolism, enhanced exocytosis in SFV-NCS-1-IRES-GFP cells. The physiological activator of chromaffin cells, acetylcholine, activates both nicotinic and muscarinic ACh receptors. Activation of muscarinic receptors, and subsequent alterations in PtdIns metabolism, may result in an exocytotic response that is amenable to modulation by NCS-1. Our results suggest a possible role for NCS-1 in PI-mediated secretion in other systems, including secretory cells and neurons (Tse et al., 1997; Lysakowsi et al., 1999) .
